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The reduction of Ce(IV) in HC104 solutions by four polyaminocar-
boxylic acids, which are commonly used as chelating aqents, has been 
studied by the stopped-flow technique. The rates of reduction first 
increase with increasing acidity, reach maxima which are characteris-
tic of the chelating agent and the medium, then proqressively 
decrease with increasing the acid concentration in the media. At 
their maximum reactivities, trans-1,2-diaminocyclohexane tetraacetic 
acid (CDTA) shows the hiqhest reductive ability; this is followed by 
ethylenedinitrilotetraacetic acid (EDTA), diethylenetriaminepenta-
acetic acid (DTPA), and finally nitrilotriacetic acid (NTA). The 
observed maxima can be qualitatively explained in terms of a mechan-
ism which involves unhydrolyzed Ce~+ species and unprotonated poly-
aminocarboxylic acids. A comparison with the reactivities observed 
in H2so4 media [S. B. Hanna, R. K. Hessley, w. H. Webb and w. R. 
Carroll, f. Anal. ~·• in press (1971)] is presented and a mechan-
ism for the EDTA oxidation, consistent with salt effects and the 
activation parameters, is advanced. 
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I. INTRODUCTION 
The complexation of polyaminocarboxylic acids with trivalent 
Lanthanides has been extensively investigated. (1- 3) On the other hand 
there are only a few reports in the literature about the nature of the 
reaction of these polyaminocarboxylic acids with Ce(IV) in acidic 
media. Apparently, the reason is that oxidation rather than complex-
ation is the main reaction when Ce(IV) is used.< 4> 
According to Dainton, oxidation of orqanic compounds by one elec-
tron acceptors such as Ce(IV) involves the formation of intermediate 
free radicals from the orqanic substrates.(S) So far, two types of 
mechanisms have been proposed for the oxidation of orqanic compounds 
by Ce{IV). {6•7) The first involves the formation of a complex be-
tween Ce(IV) and the chelatinq aqent in a fast equilibrium step fol-
lowed by reduction of Ce(IV) to the trivalent form, Ce{III), in a 
rate-determining step. The oxidation of ethylene qlycol and of qlyc-
erol in perchloric acid media and that of alcohols and of oxalic acid 
in sulfuric acid media are examples of this mechanism. {B) The second 
type involves a one-step mechanism, with no intermediate complex for-
mation, in which the liqand and Ce{IV) give rise to Ce(III) and a 
free radical; the latter reacts rapidly with Ce(IV) to qive the final 
products. The oxidation of pinacol and of butane-2,3-diol in sulfur-
ic acid media by Ce(IV) are examples of this type.(?) 
The reaction rate constants show variable dependence on the hy-
droqen ion concentration. The dependence of the Ce(IV)-rates of oxi-
dation of the polyaminocarboxylic acids, ethylenedinitrilotetraacetic 
acid (EDTA), trans-1,2-diaminocyclohexane tetraacetic acid (CDTA), 
diethylenetriaminerentaacetic acid (DTPA), and nitrilotriacetic acid 
(NTA), on the acidity of the medium has already been renorted. (9- 11 ) 
However, the oxidation of hydrazoic acid b.Y aquocerium(IV) in aque-
ous perchloric acid media has been reported not to be affected by 
chanoes in the hydron,en ion concentration. (12 ) The oxidation of hy-
droqen peroxide by aquocerium(IV) in aqueous perchloric acid media 
also follows this pattern. (13 ) 
Previous investioations in this laboratory were carried out in 
sulfuric acid media where Ce(IV) forms strono complexes with sulfate 
and bisulfate ions. <14 ) It was reported that four equivalents of 
Ce(IV) are reduced per mole of EDTA with the liberation of ~bout 2.5 
moles of co 2 and a variety of oroanic products. With incre~sino tem-
perature and reaction time a maximum of 14 equivalents of Ce(IV) are 
consumed. (15 ) More recent reports have confirmed the earlier find-
; nqs. ( 16) 
The rates of oxidation of several chelatino aoents by alkaline 
ferricyanide [Fe(CN) 6] 3 - were reported by Lambert and Jones,(l?) who 
found that four moles of ferricyanide are consumed per mole of EDTA. 
The products then were identified as iminodiacetic ~cid and olycollic 
'd (17) ac 1 • 
The present work was conducted with the hope of unravelin~ the 
reactive species involved in the complexation and ultimately the oxi-
dation of the common chelatino aoents NTA, EDTA, CDTA and DTPA by Ce-
(IV) in acidic media. It was felt that this is a first and essen-
tial step towards an understandino of the dynamics of lioand substi-
tutions and reactions involvino the tetravalent rare earth element so 
commonly used as an oxidizino aoent. In sulfuric acid media, strono 
2 
complexation between Ce(IV} and bisul~ate or sul~ate only adds to the 
difficulties of formulatinq the reaction mechanis~s. In perchloric 
acid, on the other hand, Ce(IV} exists mainly as the hydrolyzed 
3+ 2+ 6+ (18-CeOH and Ce(OH) 2 alonq with the dimer [Ce-0-Ce] • species: 
21) At hiqh acidities it is conceivable that the non hydrolyzed 
3 
Ce(IV) species, Ce +,exists as a major fraction of the stoichiometric 
concentration of tetravalent cerium. Such a species would be ~ar more 
reactive than a complexed Ce(IV) species and would accordinqly be a 
very efficient oxidizinq aqent. Moreover, the oxidizinq power of 
o• Ce(IV), as measured b.v its formal oxidation notential, E , increases 
substantially with increasin~ HC104 concentration.( 22 } The outcome of 
a study of the interaction of Ce(IV) l'lith the four common chelatinrJ 
agents NTA, EDTA, CDTA and OTPA seemed, therefore, excitinq and rro-
misinq. This thesis deals with such a study. 
II. EXPERIMENTAL SECTION 
A. MATERIALS 
eerie perchlorate (perchlorate eerie acid) H2Ce(C104)6 stock 
solution (0.5 M in 6 M HC104) was purchased from G. Frederick Smith 
Chemical Co., Ohio. Perchloric acid solutions were made by dilution 
from 70% Fisher reagent which meets A.c.s. specifications. Monohydra-
ted sodium perchlorate, and anhydrous sodium sulfate were analytical 
reagent grades and were used without further purification. The pri-
mary standard used was reagent-grade ferrous amnonium sulfate (r·1ohr•s 
salt) Feso4·(NH4)2so4•6H2o with 2-phenathroline as indicator. This 
indicator was prepared according to a standard procedure.* 
The base indicator for Hammett acidity function determinations 
was 2-nitroaniline (pKa = -0.29). It was used after recrystallization 
from benzene (m.p. = 71.5°C). 
The solutions of the chelating agents NTA, EDTA, CDTA, and UTPA 
(Merck, Eastman Kodak and Geigy) were prepared by direct weighing. 
Except for EDTA, which is water soluble as the disodium salt, dilute 
(<0.1 N) sodium hydroxide solution was used since the other aminocar-
boxylic acids are not readily soluble in water at room temperature. 
B. STIOCHIOMETRY 
4 
The stiochiometry of the reaction between Ce(IV) and EDTA in per-
chloric acid media was determined by allowing a known excess of a 
*To prepare 0.05 N of Q-phenathrol ine weigh about 0.9 gm of 
Q·phenathroline, dissolve in 3 ml HN03, dilute with H2o to make the 
total volume 100 ml. 
5 
standardized solution (0.0791 M) of Ce(IV) in HC104 to react with 1-ml 
samples of an EDTA solution (0.1 ~) for a period of time ranoin~ from 
a few seconds to several hours at room temperature. At specified 
periods of time, the number of moles of Ce(IV) consumed per Mole of 
EDTA was determined by titratinq the mixture in the reaction flask 
against a standard solution of ferrous ammonium sulfate using 
2-phenanthroline as indicator. ~lhen the reaction time was less than 
30 minutes, the reaction was Quenched by addition of a known vo 1 ume 
of Fe(II) which was stored in the side arm of the reaction flask and 
back titrated against Ce(IV). 
C. KINETICS 
The rates of reduction of Ce(IV) wit~ the four chelatinn anents 
(NTA, EDTA, CDTA and DTPA) were studied spectrophotometricallv at 
~300 nm where Ce(IV) in HC104 absorbs stronolv (Fin. 1); neither 
Ce(III), the chelatinq agents nor their reduction nroducts interfere 
at this v!avelenqth. The reactions v1ere too fast to studv by the 
ordinary techniques and use was made of the commerciallv availahle 
Durrum-Gi bson s topped-fl 0'-'1 apparatus vthi ch a ll'l~IS l"('asurements nf 
half-lives in the millisecond renion. A dianral" of the apparatus is 
sho\'tn in Fi']. 2. Constant temperatures werP Mrlintained at the de-
sired temperature :to.nsoc by a circu1~tino Lauda Ultrathermostat in 
combination with a coolinq system. The solutions of Ce(IV) in HC104 
of a kno\'tn mo 1 ari ty and of the chel ati nq agents \'/ere rl aced in the 
reservoir syrinqes A1 and A2 (Fiq. 2). Throuqh valves v1 and \' 2 the 
reactant solutions Here lead into the smaller thermostated syrinqes 
6 
Fi~ure 1. 
Absorbance Spectrum of Ce(IV) in 2 ~ Perchloric 
Acid Solution at 25°C 
(a) Before Addino the Chelatin~ Anent, EDTA 
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B1 and B2• Hith valves v1 and v2 and the stopped-flow valve v5 
closed, and valves v3 and v4 open, the two solutions Nere in.iP.cted by 
a pressure scheck into a mixing chamber M where mixing is complete 
within two milliseconds and the mixed solutions are swert into the 
observation cell (C). At such an instant the triqqer mechanism is 
activated automatically and the chanqe in the percent transmittance, 
at the chosen wave1en~th, with time is displayed on the screen of an 
attached Tektronix storaoe oscilloscope. A permanent record of the 
display v1as photoqraphed on a Polaroid film. A typical percent trans-
mittance ~· time S\..,eep is shown in Fi 1J. 3. 
The concentration of the che1ating agents and of Ce(IV) in the 
mixed reaction solutions were usually about 2.50 x lo-2 M and 
3.50 x 10-4 ll respectively, i.e., [Chel]0 :[Ce(IV)]0 was about 70:1. 
The qreat excess of [Chel] insured simple first-order variation in 
. 0 
[Ce(IV)] to be observed. (l 5) The half-life of [Ce(IV)]0 was read di-
rectly from the oscilloscope screen. It was the time when the absor-
bance had reached half its initial value if the final readinq was 
100% transmittance, or at half the total chanqe in absorbance when, 
after 20 half-lives the percent transmittance was different from the 
100% 1 i ne. 
The half-lives so obtained were translated to first-order rate 
constants; thus, 
kl = 0.693/T~ , sec -1 
Second-order rate constants, k2, were calculated from the correspond-
ing kl by dividing the latter by the initial concentration of the 
11 
Fhture 3, 
1 -4 Stopped-Flow of 3 Superimposed Traces of 3,50 x 0 ~ 
Ce(IV) in 2 ~ HC104, Mixed with 1 x 10•2 ~ NTA, 0 • 100% 
Transmittance Scale, 100 mv/cm Sensitivity, 100 msec/c~ 

















Fiqure 3 • 
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chelating agent [Che1]0 ; thus, 
k2 = k1/[Chel]0 , M- 1 sec-l 
14 
III. RESULTS AND DISCUSSIONS 
A. STOICHIOMETRY OF THE EDTA-Ce(IV) REACTION 
The reaction between Ce(IV) and EDTA in 1 ~ HC104 acid medium is 
of variable stoichiometry. In Table I, evidence for the dependence 
of the stoichiometry on time is presented. An averaqe of 4.7 moles 
of Ce(IV) consumed per mole of EDTA, recorded for three separate runs, 
represents the lowest amount of Ce(IV) found to react, almost instan-
taneously, per mole of EDTA. With increasinq reaction time, ultimate 
consumption of about 14 equivalents of Ce(IV) per mole of EDTA was 
observed. In the earlier work, in H2so4 medium, the stoichiometry 
ranged from a low of about 4 to a hfqh of about l4,(lS) In addition 
to co2 and formaldehyde,(lS) a variety of orqanic products have been 
detected by paper electrophoresis.( 23 ) Followino Table I is a summary 
of the possible Ce(IV) interactions in the system. 
It is quite evident that, followinq the first decarboxylation, 
several pathways for further reduction of Ce(IV) are available. 
These consecutive and concurrent redox reactions are expected to Qive 
rise to the observed time-dependent stoichiometry (Table I). One 
notices that after the first decarboxylation which requires a 2-elec-
tron change, and, therefore, is accompanied by reduction of 2 equiva-
lents of Ce(IV), the resultinq charqed Schiff's base readily under-
goes hydrolysis to ethylenediaminetricarboxylic acid and formalde-
hyde. The latter is oxidizable by Ce(IV) quite readily,( 24 ) and 
therefore interferes with the stoichiometry. 
15 
Table I. 
Stoichiometry of EDTA--Ce(IV) Reaction--Effect of Time 
Progress of the Reaction Between Ce(IV)-Perchlorate (10 ml, 0.0791 M) 
and EDTA (1 ml, 0.10 M) in 1 ~ HC104• Equivalents were Calculated 
from Back-Titration with Fe(II) at Specified Times at 25°C. 
Time Number of Equivalents of Ce(IV) 
Minutes Consumed per Mole of EDTA 








*This was done by mixing the two reaqents by injection and 
immediate quenchinn by Fe(II) which was stored in the side 
arm of the reaction flask. 
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B. RATE STUDIES 
1. Relative Reactivities of NTA, EDTA, CDTA and DTPA. The 
second-order rate constants for the reduction of Ce(IV) by the four 
polyaminocarboxylic acids in HC104 media are shown graphically and 
collectively in Figure 4. In each case, a maximum is observed in 
17 
the plot of log k2 ~· [HCl04]. It is interestino to note that when 
the acidity of the medium was varied but the ionic strength kept 
constant at ~ = 5.0, the same parabolic shape for 1 oq k2 .Y.l· [H+] \·Jas 
obtained (Figure 5). 
At their maximum reactivities as reducing aoents towards Ce(IV) 
in HC104 media, CDTA is the most hiqhly reactive, NTA is the least, 
whereas EDTA and DTPA occupy intennediary levels of reactivity. At a 
fixed acidity, the reduction of Ce(IV) by anv of these chelatinq 
agents follows an over-all second-order rate equation, first order in 
each of the reagents of the reacting system.( 9 •15 ) Thus, 
- d[Ce~iV)] = k2 [Ce(IV)][Chel.] 
The highest values . -1 -1 2 for k2 , 1n ~ sec , at 25°C, are 138 x ln for 
CDTA at about 3-3.5 ~ HC104 , 55 x 1n2 for EDTA at about 3-3.5 ~ 
2 HCl04 , 22 x 10 for DTPA at about 3M HCln4 and 17 x 102 for NTA at 
about 2.5-3 ~1 HC104 (Fiqures 6-9). The relative reactivities a~on~ 
the chela ti nn arJents f'11ay be exr 1 a i ned in tenns of their oeomctri es 
and coordinating abilities. The molecules of CDTA and EOTA have iden-
tical centers for coordination, viz., 2 nitronens separated by 2 car-
bons and 4 acetic acid moieties attached to the 2 nitrooens. 
18 
Fi oure 4. 
Collective Plot for the Variation of the 
Rate Constants for the Reaction Between 
Ce(IV} and Four Polyaminocarboxylic Acids 
(a) Hammett Acidity Function 
(b) Stoichiometric Concentration of HC104 
(c) Formal Oxidation Potential of 
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Figure 5, 
The Variation in the Rate Constants for 
the Ce(IV) - EDTA Reaction with the 
Stoichiometric Concentration of HC104, 
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ri 'JUre 5. 
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Fi~ure 6. 
The Variation in the Rate Constants for 
the Ce(IV) • CDTA Reaction with 
{a) Hammett Acidity Function 
(b) Stoichiometric Concentration of HC104 
(c) Formal Oxidation Potential of 
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Fi~ure 7. 
The Variation in the Rate Constants for 
the Ce(IV) • EDTA Reaction with 
(a) Hammett Acidity Function 
(b) Stoichiometric Concentration of HC104 
(c) For~al Oxidation Potential of 
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The Variation in the Rate Constants ~or 
the Ce(IV) • DTPA Reaction with 
(a) Hammett Acidity Function 
(b) Stoichiometric Concentration of HC104 
(c) Formal Oxidation Potential of 
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1.0 1.5 2.0 2.5 
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1.74 1.76 1.78 
Fi tture 8. 
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Finure 9, 
The Variation in the Rate Constants for 
the Ce(IV) • NTA Reaction with 
(a) Hammett Acidity Function 
(b) Stoichiometric Concentration of HCl04 
(c) Formal Oxidation Potential of 
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However, the CDTA molecule, in contrast with the EDTA molecule, is 
endO\'Ied with a riqid qeometry which is very favorable for coordina-
tion with metal ions. On the other hand, because of the open chain 
structure and the low enerqy barrier for free rotation around c1-c2 
in EDTA, the molecule probably exists in a multitude of con~ormations, 
of which ideally one is favorable for coordination with metal ions. 
With DTPA, hexadentate coordination( 2S} is not as readily avail-
able. The molecule, on the other hand, has enouqh centers for octa-
dentate coordination which has been su~~ested for other tetravalent 
metal ions, e.q., Th(IV},< 26 ) as well as for Ce(IV}.(l} Ho~>tever, it 
is obvious that such coordination needs conformational adjustments 
which are probably accompanied by a larqe, neqative, and, there~ore, 
unfavorable entropy chanqe. Thus the process of substitutinq the 
inner sphere of coordination around Ce(IV) with DTPA is doomed to be 
slow. However, there is reason to believe that such a DTPA-Ce(IV) 
complex is relatively stable once it is formed. (IO) AccordinClly, one 
miqht aroue that Ce(IV}-polyaminocarboxylate complexes are more 
stable if they involve octadentate coordination than if they have 
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only hexadentate coordination. The kinetics o~ complexation, however, 
may be faster in the latter than in the former, particularly if the 





X- N ___.....cH2 
---
In the NTA case, neither hexa- nor octa-dent~te coordin~tion is 
readily available throuoh 1:1 interaction with Ce(IV). It is quite 
likely, if complete substitution of the hydroxy and aquated Ce(IV) 
species by the aminopolycarboxylate is a necessary prerequisite for 
electron transfer, that the need for 2 NTA molecules for coordina-
tion with Ce(IV) is effective in slowinn down the observed Ce(IV) re-
duction to Ce(III). 
Ce(IV):2NTA Complex 
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It is interestinq to note that the rates of reduction of Ce(IV) 
by the polyaminocarboxylic acids are much faster in HC104 than in 
H2so4 , and that the differences in reactivities between the various 
chelatinq agents are smaller in HC104 as compared to H2so4 , i.e., 
that there is a levellinq effect in HC104• Both observations may be 
explained in terms of the selectivity-reactivity concept, so commonly 
encountered in the area of organic reaction mechanisms. In H2so4 , 
the Ce(IV) is heavily complexed by Hso4- and S042-, its reactivity is 
diminished and its selectivity is, accordin~ly, enhanced. There. we 
find that at their maximum reactivities, COTA is almost 400 times 
more reactive than NTA. (g) In HClo4• on the other hand, where Cl04 
has no complexing powcr.( 21) the unhydrolyzed or little-hydrolyzed 
Ce(IV) species are exoected to be quite reactive and, therefore, not 
so selective. Here, we find that CDTA is only about 7 times as reac-
tive as NTA at their points of maximum reactivity. 
2. The Influence of Chanqina the Acidity of the Reaction Medium 
on the Rates of Reduction of Ce(IV) by the Polyaminocarboxylic Acids. 
The rates of reduction of Ce(IV) by the four polyaminocarboxyl ic 
acids, NTA, EDTA, CDTA and DTPA were studied in l-5 ~ HC104 solutions. 
The results for the individual chelatinq a~ents are recorded in 
Tab 1 es I I throuqh V. In each case, we find that a ol ot of 1 oq k2 ~· 
the stoichiometric concentration of rerchloric acid, [HC104], is of a 
parabolic nature. For all four polyaminocarboxylic acids studied, 
the rates first increase with increasinq the acid concentration, 
reach maxima which are characteristic of the medium and of the com-
plexing aqent at any\vhere between 2.5 and 3.5 ~ HC104 , and then 
Table II. 
Rate Constants for the Reaction Between NTA and Ce(IV) 
at Various Perchloric Acid Concentrations 
(NTA] = 0.50 x 10-2 M 
0 -
[Ce(IV)]0 = 3.50 x 10-4 ~ 
























































**The formal oxidation potential of the Ce(IV) - Ce(III) couple 
in half cell reaction at the recorded perchloric acid 
con centra ti on 
33 
Table III. 
Rate Constants for the Reaction Between EDTA and Ce(IV) 
at Various Perchloric Acid Concentrations 
[EDTA]0 = 2.50 x lo-2 M 
[Ce{IV)]0 = 3.50 x lo-4 ~ 
Hammett Acidity Range, -H0 = {0.3 -- 2.5) 
34 
-H 0 T':i' kp 10-2k2, 
msec sec-1 M-1sec-l 
1 0.3 1. 71 300 2.3 0.9 
1.5 0.6 1.72 60 11.5 4.5 
2.0 0.85 1.73 40 17 7 
2.5 1.1 1.75 10 69 27 
3.0 1.4 1.76 5 138 55 
3.5 1.7 1. 77 5 138 55 
4.0 1.9 1.78 7 99 39 
4.5 2.2 1. 79 12 57 23 
5.0 2.5 1.805 30 23 9 
*Stoichiometric concentration of HC104 
**The formal oxidation potential of the Ce(IV) - Ce(III) couple 




Rate Constants for the Reaction Between EDTA and Ce(IV) at Various 
Perchloric Acid Concentrations and Constant Ionic Strenqth;t ~ = 5.0 
[EDTA]0 = 1.50 x 10-2 M 


















kp 10-2k 2• 








tThe ionic strenqth of the media was maintained constant by addition 
of an appropriate amount of sodium perchloride 
*Stoichiometric concentration of HC104 
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Table IV. 
Rate Constants for the Reaction Between CDTA and Ce(IV) 
at Various Perch1oric Acid Concentration 
at 25°C 
[CDTA]0 = 2.50 X 10•2 !i 
[Ce(IV) ]0 = 3 • 50 X 1 0 •4 t1_ 
Hammett Acidity Range, -H0 = (0.3 -- 2.5) 
I 
l0-2k [HC104]* -H Eo ** T~t kp 0 2' 
msec sec·1 ~1- 1 sec· 1 
1 0.3 1.71 140 4.9 1.98 
1.5 0.6 1. 72 40 17 6.9 
2.0 0.85 1.73 6 115 46 
2.5 1 • 1 1.75 5 138 55 
3.0 1.4 1.76 2 346 138 
3.5 1 • 7 1.77 2 346 138 
4.0 1.9 1.78 5 138 55 
4.5 2.2 1.79 6 115 46 
5.0 2.5 1 .805 8 86 34 
*Stoichiometric concentration of HC104 
**The formal oxidation potential of the Ce(IV} - Ce(III) couple 




Rate Constants for the Reaction Between DTPA and Ce(IV) 
at Various Perchloric Acid Concentrations 
[DTPA] = 2.50 x 10-2 M 
0 -
[Ce(IV)]0 = 3.50 x lo-4 ~ 
Hammett Acidity Range, -H0 = (0.3 -- 2.5) 
-H 0 T~, kl' 1 o-2k2, 
msec sec-1 M·1sec·1 
1 0.3 1.71 500 1.38 o. 55 
1.5 0.6 1.72 70 9.9 3.9 
2.0 6.85 1.73 50 13.8 5.5 
2.5 1.1 1.75 14 49 19.7 
3.0 1.4 1. 76 13 53 21.8 
3.5 1. 7 1 .77 14 49 19.7 
4.0 1.9 1.78 17 40 16 
4.5 2.2 1.79 18 38 15 
5.0 2.5 1. 805 20 34 13.8 
*Stoichiometric concentration of HC104 
**The formal oxidation potential of the Ce(IV) - Ce(III) couple 
in half cell reaction at the recorded perchloric acid 
concentration 
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decrease regularly as the acidity is boosted up to 5 !:1. HC104 (Fiqures 
6 through 9). The observed rate constants can probably be represen-
ted by a polynomial of the form, 
+ + k2 = a[H ] + b + c/[H ] 
which may be taken to indicate the simultaneous operation of three 
different mechanisms (c.f. ref. 27). It is the purpose of this dis-
cussion, however, to show that the observed data can be explained in 
terms of one mechanism in which a number of factors are directly con-
trolled by the acidity of the medi urn. Before \'le discuss these factors 
in detail we wish to propose the following idea: the dependence of 
the rates of the reactions in question on [H+] may be explained in 
terms of reaction between certain active species: unhydrolyzed or 
little hydrolyzed Ce(IV) and non-protonated, or at best monoprotona-
ted, polyaminocarboxylic acid species. Thus, the rate equation may 
be of the form (at constant [ Ce(IV)J and [ Chel.J) 1 
(1) 
where aCe and aChel. represent the fractions of the stoichiometric 
concentrations, of both reactants, participatino in the formation of 
the activated complex. In addition to the concentrations of the 
"active species", a discussion of the variation in the oxidative 
power of Ce(IV) as a function of acidity, and of the influence of the 
molecular structure and the qeometry of the chelatin~ a~ents (c.f. 
section on stoichiometry) is necessary for a proper understandin~ of 
the dynamics of the reactions under consideration. 
a. The Oxidative Pov!er of Ce(IV) as a Function of flciditv. 
The oxidation potential of the Ce(IV)/Ce(III) couple is markedly 
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ligand dependent. For example, the recorded values for E01 in 1 ~ 
HCl. H2so4 • HN03 and HC104 acids are 1.28, 1.44, 1.61, and 1.7n volts 
respectively. {28) While E01 suffers a decrease on increasinq the con-
centration of H2so4 , probably due to the formation of sulfate coM-
2+ 2 plexes, e.g., Ceso4 , Ce{S04)2, and Ce{so4)3 -, the formal oxidation 
potential soars from 1.70 to 1.87 volts on chan~inq the acidity froM 
1 ~1 to 8 ri fiCl04• {2g) The dependence of E01 on [HC104] is depicted 
graphically in Fiqure 10. It is quite obvious that the oxidative 
o' power of Ce(IV), reflected in E • cannot be the sole factor in deter-
mining the interdependence of k2 on acidity; k2 decreases beyond about 
3-3.5 ~1 HC104 for all four chelatinq aqents while E01 continues to 
increase in that region (Figure 4). 
There are no established relationships, known to the author, 
which correlate the rate of a redox reaction {a kinetic property) 
with the formal oxidation-- reduction potential(s) of the srecies 
involved (a thermodynamic property) .• t 
b. The Concentrations of the "Active" Species in Ce(IV) 
Perchloric Acid Solutions. Hhile Ce(IV) forms stronq complexes with 
sulfate and bisulfate ions,< 14 ) the main species in perchloric acid 
media are the unhydrolyzed Ce(H 2o)n~+. and the hydrolyzed 
CeOH(H 20) 3+ and Ce(OH) 2(H 2o) 2 +. Althouqh evidence for dimeric n-1 n-2 
6+ )4+ 0 (30) 
species, e.q., (Ce-0-Ce) , (HO-Ce-0-Ce-OH , etc. has been rpven, 
their importance can probably be iqnored in solutions which are 
tin acid- and base-catalyzed reactions, such relationships exist; 
the familiar linear free ener"y Bronsted relationship serves to corre-
late the rate constants of catalyzed reactions with pKa's or pKb's of 
the catalyzing acids or bases. 
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Fi~ure 10. 
The Variation of the Formal Oxidation 
Potential Ce(IV) - Ce(III) Couple with the 




























' E0 , volts 
FiQure 10. 
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< 10-3 ~ Ce(IV). The concentrations of the various species of Ce(IV) 
which may exist in HC104 are qoverned by the followinQ equilibria: 
K ~+ 1 + + Ce + H20 ,£..._- Ce(OH) 3 + H 
Several values for K1 and K2 exist in the literature. Hardwick and 
Robertson report 5.2 for K1 and 16.5 for the dirnerization equilibrium 
constant, K3, at 25°C, (21) whereas Baker, Newton, and Kahn oive 
values of 14 and 0.15 for K1 and K2, respectively, at 15.6°C.( 3l) If 
the values of Newton and co-workers,( 31 ) are extrapolated to 2S 0 , the 
calculated values for K1 and K2 would be 19.7 and n.197, resrective-
ly.(32) In calculatin~ the fraction of Ce{IV) which exists as the 
unhydrolyzed species, Ce(H20)nlt+' at a particular [H+], use is made 
of the above equilibrium constants. Thus, 
1 ( 2) 
where aCe refers to the fraction of the total concentration of Ce(IV) 
a,+ 
existinq as the unhydrolyzed Ce(H20)n species. Two tenns, one in-
volvin~ the dimerization equilibrium and the other representinq the 
Ce(IV)-EDTA complex are not included since their contributions are 
insi~nificant at the acidities involved in this work (c.f. Appendix). 
It is indeed unfortunate that the calculations based on the two sets 
of equilibrium constants lead to substantially different estimates of 
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ace· For example, at 2 ~ HC104 one calculates -- according to Hard-
wick and Robertson•s values -- that 28% of the stoichiometric concen-
tration of Ce(IV) exists as the non-hydrolyzed Ce(H20)n '++ species. 
Using the K va 1 ues of Ne\'tton and co-workers one can show that only 
( It+ about 8% exist as Ce H2o)n • In either case, however, computations 
indicate that the fraction of Ce(IV) existing as Ce"+ increases with 
increasing acidity (c.f. Appendix). This unhydrolyzed species is pro-
bably the most active Ce(IV) species in the reaction medium and an 
increase in its concentration would lead to an increase in the ob-
served rate according to e~uation (1). 
c. The Concentrations of the 11 Active11 Species in Poly-
aminocarboxylic Acid/HC104 Solutions. 
following species: H5EDTA+, H6EDTA 2+1 
recently reported by Anderegg,< 33 ) and 
The formation constants for the 
+ + H5CDTA , and H4NTA have been 
they indicate that subs tan-
tial fractions of the stoichiometric concentrations of these chelatinq 
agents would exist in the protonated forms in the acidic media em-
played in this study. For EDTA, for example, the following equation 
was used to calculate the fraction. ~ y• of EDTA which exists as the 
4 
non-protonated species at a particular H+, 
1 1 + + + 2 (3) -= K5 [H ] + K5K6 [H ] ~4y 
where K5 and K6 denote the equilibria 
H4EDTA + H+ H5EDTA+ K5 
H5EDTA++ H+ H EOTA 2 + 6 K6 
Hith values of K5 and K6 of 25 and 0.8 respectively. one can rpadilv 
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see that aH y varies from 0.27 at 0.1 ~ H+ to 0.021 at 1 ~ H+ to 
4 + 
0.004 at 3 ~1 H • In other words, the concentration of the unproto-
nated species, H4Y, of EDTA decreases drastically as the acidity is 
increased. 
Returning now to equation (1) which portrays the reaction as tak-
ing place between the two most active species, !!!·• unhydrolvzed 
Ce(IV) and non-protonated polyaminocarboxylic acid, one realizes that 
the product aCe • aChel. increases with increasinq acidity to a maxi-
mum and then declines rapidly due to the preponderance of protonated, 
and therefore, inactivated chelating aqent. Using the equilibrium 
constants for the Ce(IV) hydrolyses rerorted by Newton and co-workers, 
and the protonation equilibrium constants of Anderegq for EDTA one 
calculates a maximum in the rate at 0.65 ~ [H+]. The parabolic 
nature for the dependence of the rate on acidity is predicted by 
equation (1) but the point of maximum is far off the experimental one. 
This could very well be due to the choice of the equilibrium constants 
for the hydrolysis of the Ce(IV) species and could possibly be due to 
the operation of more than one mechanistic path. Interactions between 
3+ ( ) 2+ + Ce(OU) or even Ce OH 2 and H4Y or even H5Y cannot be excluded. 
If several pathways exist, eventually one may be able to develon the 
correct equation to predict not only the shape but also the position 
. 1 f 1 k [H+]. of the maximum 1n the p ot o oq 2 ~· 
3. Salt Effects and Effect of Ionic Strenqth. Althouqh the 
ionic strengthsin the reaction media were too hiqh to draw any quanti-
tative conclusions from the Bronsted-Bjerrum equation, we studied the 
effect of added salts in the hope of gaining some knowledge pertaininq 
to the charges on the reacting srecies. The effect of adding NaCl0 4 
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to the reaction medium at an initial fixed HClo4 concentration is 
summarized in Table VI. The observed second-order rate constant in-
creases steadily with increasinq the ionic strenoth (Fiqure 11). The 
increase in k2 cannot, however, be solely attributed to a kinetic salt 
effect. Previous investiqators have shown that neutral salts have a 
marked effect on acidity as measured by the Hammett acidity function, 
H0 , which is a measure of the protonatino power of the medium. Table 
VII contains a summary of the effect of added salts on H0 in HC104 
solutions where the orioinal H0 was -0.25. It is quite evident that 
Na 2so4 and NaCl04 have opposite effects (Fiqures 12 and 13). The 
effect of Na 2so4 may be explained in terms of bindinq the protons of 
the medium to form the weak acid HS04-. \~ith addition of NaCl04 , how-
ever, a decisive increase in -H0 is noted. This can be attributed to 
the decrease in water activity, ~ 0, in the medium due to the solva-
2 
tion of the added salt.* One may, therefore, express the observed 
rate constants (Table VI) in the form, 
kobserved = ko + koH0 + ksalt 
where k0 denotes the rate constant at the initial acidity before salt 
addition, 
k0H denotes the increment in the rate constant due to the chanoe 
0 
of acidity (-H0 ) caused by salt addition, and 
k denotes the part of the rate constant due to salt effect 
salt 
apart from the effect due to chanqino H0 • 
*More detailed explanations for salt effects on H0 appear in 
references (34) and (35). 
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Table VI. 
Salt Effects on Reaction Rates of EDTA and Ce(IV) in 
Perchloric Acid -- Sodium Perchlorate Solutions 
(EDTA]0 = 2.50 x 10-2 M 
(Ce{IV)]0 = 3.50 x 10-4 M 





-2 T~, 10 l'!k2. 
(c) 
w-2k 2' 
msec M- 1sec-1 M- 1sec-1 M- 1sec-1 M-1sec-1 
1.2 230 1.2 1.03 0.22 0.98 
1.4 200 1.38 1.25 0.44 0.94 
1. 6 180 1.54 1.48 0.67 0.87 
1.8 160 1.7 1.7 0.89 0.81 
2.0 130 2.1 2.1 1.29 0.81 
2.5 95 2.9 2.90 2.1 0.80 
(a)Observed second-order rate constants 
(b)Second-order rate constants calculated for the increase in -H 
accompanying salt additions. 0 
(c)The difference between (b) and k2 at -H0 = 0.25 (without added 
salt); this difference is due to the chanqe of H0 • The value 
of k2 at -H0 = 0.25 is 81 M- 1sec-1• 
(d) 
(d)Second-order rate constant corrected for chanqe in H0 and 
reflectinq only changes in ionic strenqth due to salt addition. 
47 
The Influence of Ionic Stren~th on 
the Ce(IV) • EDTA Reaction 
e Without Correctin~ for the Chan~e in -H0 
Due to the Salt "tlaCl04" Addition 





Effects of Salt Addition on Hammett Acidity Function 
Original Hammett Acidity, (i.e., before added salt), -H0 = 0.25 
A. Addition of sodium sulfate 







B. Addition of sodium perchlorate 


























The Effect of Na2so4 on Hammett Acidity 
















The Effect of NaCl04 on Hammett Acidity 













0.0 0.2 0.4 0.6 0.8 1.0 
Stoichiometric Concentration of Salt Added MIL 
FiQure 13. 
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By referrinq to Fi~ure (13) one can compute the chan~e in H 
0 
due to addition of NaCl04• From the dependence of k2 on H0 (Fi~ure 7) 
one can calculate the value of k2 expected for the increase in H0 
accompanyinq salt addition. When the observed rate constants are 
corrected for the chan~e due to increasinq -H , it is found that 
. 0 
there is no appreciable effect for increasinq the ionic strenqth 
(Column d in Table VI). This result may be taken to imply that one 
of the reactants has zero charqe. Since it is inconceivable that 
Ce(IV) exist as an uncharoed species, the results indicate that the 
reaction probably involves the unprotonated rolyaminocarboxylic acid, 
In confirmation of the proposal that the effect of added NaCl04 
merely enhances the acidity of the medium is the fact that on addition 
of NaCl04 to the Ce(IV)-EDTA reaction mixture in H2so4, k2 decreased 
if the acidity of the medium was beyond that where the inflection 
point occurs, and increased if the acidity was orioinally below 1 r~ 
H+. (36) 
4. Activation Parameters and Mechanistic Interpretations. The 
reduction of Ce(IV) by EDTA in 2.2 ll HC104 was studied in the tem-
perature ranqe of 15-35°C. The activation nara~eters are listed in 
Table VIII as computed from Finure 14. The entropies of activation, 
6St, are larrre and ne(Jative. The displacement of the coordinated H2o 
molecules around the Ce(IV), by the rolyaminocarboxvlate liqanrl, is 
probably in ttle rate-determininq step, by analoov with other liqand 
substitution reactions.( 3?) Since water itself, in the bulk, is of a 
hiqhly-ordered structure, the release of the coordinated water 
Table VIII. 
Effect of Temperature on the EDTA--Ce(IV) Reaction 
The Activation Parameters of the Reaction Between Ce(IV) and EDTA 
in Perchloric Acid Solution at Different Temperatures 
[Ce(IV)]0 = 3.50 x lo-4 ~ 
[EDTA]0 = 2.50 x lo-4 ~ 
Hammett Acidity, -H0 = 1.0; [HC104] = 2.20 ~ 
T k2 Ea 6Ht -6St 
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OK M-1sec-l KCal/mole KCal/mole ca1/deg/mo1e 
288 1840 11.7 11 • 1 30.6 
293 2760 11.7 11 • 1 29.8 
298 3920 11.7 11 .1 29.2 
302 5520 11.7 11.1 28.5 
308 7900 11.7 11 .1 27.8 
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Fi tTure 14. 
The Arrhenius Plot for the EDTA- Ce(IV) 
Reaction at -H0 • 1.0 Between 15- 35°C 
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Finure 14. 
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molecules should not be accompanied by a lar~e entropy chan~e. How-
ever, the conformational adjustments which the polyaminocarboxylate 
molecule must undergo to coordinate with the Ce(IV) are probably accom-
panied by a lar~e negative entropy chanqe, Moreover, lar~e neqative 
entropy changes are often indicative of the occurrence of free-radical 
processes.< 3s) 
A mechanistic path which is in agreement with the above presented 




Possibly (B) goes to 
• 
SH2 
(HOOC-CH2 ) 2N.CH2 -cH2-~ 
CH2-COOH 
+ C02 + H+ + Ce(III) 
(B) plus 2Ce(IV) on 
left hand side 
of 1"10 1 ecul e. 
(A) 
which accounts for only 4 Ce(IV) reactina initially with the hydrol-
ysis of (C) occurring afterward to q1ve formaldehyde, 
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Further work with symmetrical and unsymmetrical ethylenediaf!1ine-
diacetic acids must be carried out before a more conclusive mechanis~ 
can be postulated. 
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APPENDIX 
The Mathematical Computation of the Fractions of Cerium(IV) and of 
Ethylenedinitrilotetraacetic Acid Existing as the Unhydrolyzed Ce~+ 
and the Unprotonated H4Y Species in Solutions of Varying Perchloric 
Acid Concentrations. 
The following equilibrium constants are reported for the forma-
tion of various Ce(IV) and EDTA species in aqueous media: 
(a) Ce ~ + H20 ~ Ce(OH) 3+ + H+ Kl • 19.7} 
(b) Ce(OH) 3 + + H20 ~ Ce(OH) 2 2 + + H+ K2 • 0.197 
(c) 2Ce(OH) 3+~ (Ce-O-Ce) 6 + + H20 K3 • 16.5 
(d) Ce(IV) + EDTA ;- .... (Ce(IV)-EDTA)+ 4H+ K4 • 1024.2 
Also 
(a I) y~- + H+::;;::::== HY 3 • 
(b I) HY 3 • + H+ ~ H2Y2 • 
(c I) H2Y2 • + H+~ H3v· 
(d I) H3v· + H+~H4Y 
(e I) H4 Y + H+ :;::::= H5 y+ 
( fl) H5Y+ + H+~ H6Y2 + 
The fraction of a ~+ is qiven by: 
Ce 
ace~• 
aCe~+ • ""[ ""ee~(~"'~t""V~) ""] t_o_t_a_l • 
K~ • 109 
K1 • 106•3 2 
K' • 102•3 3 
K1 • 102•2 4 
K1 •lo1 •4 5 






and the fraction a.H y 1s given by 
4 
a [H4 y 1 
·----...---~....------H4Y £H4Y1+£H5Y+l+[H6v2+)+[Ce(IV)·EDTAJ 
At 1 !i [H+J and [Ce(IV)J ~ 10•4 !i• the values of [Ce(IV)-EDTAJ and 





-. 1 + 19.7 + 3,88 + 0,64 + 0,038 
a 4+ 
Ce • 23.58 + 0,64 + 0,038 
The last two terms refer to the dimer, (Ce·O·Ce) 6 + and Ce(IV)-EDTA 
complex. These figures show that the dimer and the Ce(IV)-EDTA 
complex account for less than 3% of the total Ce(IV) species in 
1 ttHCl04 acid solution. 
Likewise, the Ce(IV)·EDTA complex term can be neglected in the 




1 I [ +) I I + 2 
a.Hl • 1 + K5 H + K5K6[H ] 
The following table lists selected values for a. +and a.H y and 
Ce4 4 
the product of the two fractions at several hydroqen ·ion concentra-
64 
tions. The purpose is to show that the rate of Ce(IV) consumption, 
calculated by the equation, 
Rate • k' (a ~+ • aH y) 
Ce 4 
increases first with increasinq acidity, reaches a maximum at about 
0.7 M [H+J and then declines rapidly afterward. 
-
Table 
Theoretical ~· Calculation of the Rate of Reaction Between Ce and H4Y 
in HC104 Acid Solutions. 
[H+J, !i 2 2 (a ~+'aH y) X 1 o3 a ~+ x 10 aH y X 10 
Ce 4 Ce 4 
0.1 0,04 27,0 0,12 
0,3 0,77 9.71 0,75 
0.5 0,71 5,41 0,92 
0,7 2,65 3,53 0,93 
1.0 4,04 2.17 0,88 
2.0 8.46 0,76 0,20 
3.0 12.50 0,39 0.06 
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